SYNOPSIS. Originally utilized or developed as human poisons, anticholinesterase compounds are among the most widely used pesticides in the world and non-target wildlife are frequently exposed. Because these compounds primarily act by inhibiting acetylcholinesterase at synapses within the central and peripheral nervous systems, the potential for altering physiological and behavioral responses essential for survival and reproduction in exposed animals is great. We review the effects of acute but sublethal exposure to organophosphates and carbamates on thermoregulation (hypothermia), food consumption (anorexia and altered foraging behavior), and reproduction (altered hormone levels, reductions in clutch and litter size, and alterations in reproductive behavior), and the mechanisms believed to cause them. We believe these are the direct toxic effects most likely to reduce populations of free-living birds and mammals within treated areas. Data from studies of captive birds and laboratory mammals and free-living individuals given controlled dosages are included with an emphasis on information published within the last 5 years. The limitations of existing data for determining the biological and regulatory significance of these effects are discussed.
INTRODUCTION
Cholinesterase inhibitors (organophosphates and carbamates) were originally utilized or developed as human poisons. Organophosphates (OPs) were developed during WWII as nerve gases and their insecticidal properties were discovered shortly thereafter (O'Brien, 1967) . The toxicity of carbamates (CBs) was first discovered by West Africans who used the poisonous beans of Physostigma venenosum (nerve toxin = physostigmine) in executing tribal justice (O'Brien, 1967) . However, it was not until the discovery of acetylcholine as a neurotransmitter that the mechanism of CBs became known. With restrictions on the use of organochlorine pesticides in the 1970's because of their environmental persistence, biomagnification, and adverse effects on the reproduction of selected avian species, OPs and CBs are now among the 1 From the Symposium Behavioral Toxicology: Mechanisms and Outcomes presented at the Annual Meeting of the Society of for Integrative and Comparative Biology, 26-30 December 1995, at Washington, DC. most widely used pesticides in the world (Smith, 1987) . A conservative estimate of the amount of these chemicals used in the United States in 1993 is 19 million kg of active ingredient for the six most commonly used OPs and CBs in agriculture, industry/government, and home gardens (Aspelin, 1994) . Although less persistent than organochlorines in the environment, many OP and CB pesticides are acutely toxic to warm-blood animals, and non-target wildlife (particularly birds) within treated areas have been poisoned (for review, see Grue et al., 1991) . Estimates of exposure of nontarget wildlife and resultant mortality may be conservative because of biases in censusing and collecting affected individuals (Grue and Shipley, 1981; Mineau and Peakall, 1987; Fryday et al, 1996) .
OPs and CBs are particularly relevant to this symposium series because the target neurotransmitter is " . . . the only substance that can influence every physiological or behavioral response thus far examined." (Meyers in Russell, 1982:439) . OPs and CBs are believed to act primarily by inhib-iting (phosphorylating or carbamylating) acetylcholinesterase (AChE), an enzyme essential for nerve function within the peripheral and central nervous systems (O'Brien, 1967) . AChE is also found in erythrocytes of mammals, but not in those of birds (Walker and Thompson, 1991) . Death (respiratory failure) and most of the "sublethal" effects described in this paper are believed to result from the accumulation of acetylcholine (ACh) at sites of cholinergic transmission (i.e., inability of inhibited AChE to hydrolize ACh; Koelle, 1994) . Affected organs can be separated into those with muscarinic (M) receptors (e.g., exocrine glands; smooth and voluntary muscles in the lungs, gastrointestinal tract and eye; and organs innervated by cranial efferents) and nicotinic (N) receptors (e.g., skeletal muscles and sympathetic ganglia) (Sidell, 1994 ; for review of muscarinic receptor subtypes, see Hulme et al., 1990) . Responses at M receptors, excitatory (e.g., bronchial constriction) or inhibitory (e.g., vasodilation), are enhanced or their persistence is increased, whereas at N receptors, the effect is initially excitation (e.g., muscular fasiculation) followed by inhibition (muscular paralysis) (Koelle, 1994) . Carbamates and some OPs are potent "direct" inhibitors of AChE, but most OPs ("latent" inhibitors; many containing a thiophosphoryl group such as parathion) must be metabolized to their more toxic oxon form (e.g., paraoxon) (O'Brien, 1967) .
In addition to AChE, OPs and CBs also bind to other " B " esterases whose function is currently unknown: butyrylcholinesterase (BuChE) in plasma and "unspecific" carboxylesterases in several tissues, and in the case of a few OPs, neuropathy target esterase (NTE) in the nervous system (Walker and Thompson, 1991) . Organophosphorusinduced delayed neuropathy (OPIDN), characterized by the demyelination of nerve fibers and paralysis approximately 2-3 weeks after single or repeated exposure, is believed to be caused by the inactivation of NTE. Only a few OPs are known to cause OPIDN and effects are known to occur in only a few vertebrate species (e.g., chickens and man) (Sultatos, 1994) . OPs and CBs also inhibit "A" esterases, enzymes that hydrolyze OPs and CBs (Walker and Thompson, 1991) .
Although the effects in vertebrates associated with exposure to OPs and CBs are believed to be primarily the result of enzyme inhibition, an increasing number of studies suggest that these chemicals can also alter nerve transmission by directly binding with pre-and postsynaptic receptors (for recent example, see Huff et al., 1994) . Agonistic binding to postsynaptic receptors and antagonistic binding to presynaptic autoreceptors could exacerbate the accumulation of ACh within the synapse, whereas the reverse could reduce the toxic effects of AChE inhibition (Jett et al, 1991; Eldefrawi et al., 1992) . As noted by Sultatos (1994) , these interactions are only now beginning to be understood and their toxicological significance remains unclear. The direct interaction of these compounds with receptors should not be confused with their indirect action which results in downregulation of receptors (physiological tolerance) in chronically exposed individuals (Katz and Marquis, 1989) . However, antagonistic binding of anti-ChE compounds to presynatptic autoreceptors may also result in down-regulation of postsynaptic receptors (Katz and Marquis, 1989) . In addition, OP-and CB-induced changes in ACh may also "precipitate the involvement of multiple neurotransmitters that function in an integrated fashion" (Katz and Marquis, 1989: 121) . Unfortunately, these interactions also are poorly understood (e.g., see Fosbraey et al., 1990) .
Birds appear to be much more sensitive to acute exposure to anticholinesterase pesticides than mammals (Hill, 1995) . Differences in the enzyme systems of birds and mammals may explain the generally greater sensitivity of birds. Birds have lower hepatic microsomal mono-oxygenase (HMO) and A-esterase activities than mammals which may reduce their ability to metabolize (detoxify) OPs and CBs (Brealey et al., 1980; Walker, 1980) . Conversely, the lower HMO activity in birds may reduce the rate of metabolism of latent inhibitors to their more potent forms. However, recent data reviewed by Thompson et al. (1995) indicate the rates of activation of OPs in the livers of rats and birds are similar and that activation in the brain of birds is actually slower than that in mammals. In addition, AChE activity in the brain of birds is much greater than that in mammals (Westlake et al., 1983) , but avian brain AChE may have a greater affinity for and/or a faster rate of binding to OPs and CBs (Hill, 1992) .
Differences in the sensitivity of avian and mammalian species to particular OPs and CBs and in the toxicity of these chemicals within taxa (e.g., Wiemeyer and Sparling, 1991) appear to be related to chemical affinity for binding with brain AChE (Wallace, 1992) ; the ability of hepatic and brain tissue to metabolize these compounds and activate latent inhibitors (Chambers and Levi, 1992; Sultatos, 1994) ; and the affinity of parent compounds and their metabolites for nontarget esterases, which may contribute to catalytic and non-catalytic detoxification (Chambers and Carr, 1993) . However, a recent attempt (Thompson et al., 1995) to integrate these parameters into a model to predict sensitivity among avian species was unsuccessful. The authors concluded that, in birds, the metabolism of latent inhibitors in the brain and the sensitivity of brain AChE to inhibition are the most important determinants of OP toxicity.
In addition to differences in inherent sensitivity, toxicity is also a function of exposure, which appears to vary greatly among free-living species within treated habitats. Mortality following the application of OPs and CBs appears to be more frequently related to habitat preferences, physiological condition, and/or foraging behavior than a species' ability to deal with the toxic challenge (Grue et al., 1983; Mineau, 1991a) .
Recovery of ChE activity in vertebrates that survive exposure to OPs occurs primarily by the synthesis of new uninhibited enzyme (O'Brien, 1967) . In birds and mammals, the rate of recovery of brain AChE appears to vary among chemicals and depends on the maximum level of enzyme inhibition (Fleming and Bradbury, 1981) . Initial recovery of enzyme inhibition to 50-60 percent of normal is rapid, and more gradual thereafter (Robinson and Beiergrohslein, 1980; Fleming, 1981) , with recovery to "normal" levels within 30 days after exposure ceases (Fleming and Grue, 1981; Roberts et al., 1988) . In contrast, inhibition of AChE by carbamates is reversible with decarbamylation occurring extremely rapidly (spontaneous reactivation) (O'Brien, 1976) . For example, death in birds following acute exposure to OPs occurs within 24 hr and within this period varies between direct and latent inhibitors, whereas birds exposed to CBs either die quickly (<30 min) or recover within 1-2 hr with few signs of intoxication (Hill, 1992) . Exceptions to the above include the "intermediate syndrome" (Senanayake and Karalliede, 1987) and OP-IDN (for review, see Karczmar, 1984; Sultatos, 1994) . Whereas the later is not directly associated with AChE inhibition, the former, a life-threatening myopathy that occurs in the neck and respiratory muscles of humans several days after acute OP poisoning, appears to be caused by an OP-induced excess of ACh (Eyer, 1995) .
With this introduction to the mode of action of OPs and CBs and the factors affecting their toxicity, we now review the effects of acute exposure to OPs and CBs on thermoregulation, food consumption, and reproduction of non-target wildlife and the pathways by which they are manifested. We believe these are the "cummulative" direct toxic effects in birds and mammals most likely to reduce free-living populations within treated areas. We conclude our review with a discussion of the biological and regulatory significance of existing data. An exhaustive review is beyond the scope of this paper and we refer the reader to excellent recent reviews by Ballantyne and Marrs (1992) and Chambers and Levi (1992) . Our paper, which emphasizes information published within the last 5 years (since Mineau, 19916) , focuses on acute exposure because OPs and CBs generally do not persist in the environment (for exception, see Elliott et al., 1996) and are rapidly metabolized in warm-blooded animals (Hill, 1995) , with disappearance of overt effects usually within 24 hr (Hill, 1992) ; and remission of effects can occur during chronic exposure even though ChE activity remains depressed (physiological and behavioral tolerance, Bignami et al., 1975;  Gordon (1994a) for details of neural control of thermoregulation in mammals. Russell and Overstreet, 1987) . Unfortunately, data for amphibians and reptiles comparable to that for birds and mammals are lacking.
We preface this portion of our paper with the fact that "Besides the well known peripheral and central (neurological) symptoms. . ., the general picture of acute anticholinesterase intoxication is mainly one of "depression," as shown by a reduction in a wide variety of behavioral outputs, both innate and learned." (Bignami et al, 1975: 156) . "Behavioral slumps" (Edwards and Graber, 1968) , as well as other OP-and CB-induced effects (Grue et al., 1991) , undoubtedly contribute to the effects on thermoregulation, food consumption, and reproduction in captive and free-living birds and mammals described below. We note that low doses of these compounds can, however, cause hyperactivity in both birds and mammals (Fibiger et al., 1971; Bignami et al, 1975; Hart, 1993; Fryday et al., 1995) .
THERMOREGULATION
In homeotherms, the preoptic area/anterior hypothalamus (POAH) is the primary center for control of body temperature (Gordon, 1993) . Thermoregulation in homeotherms can be described as a "servoloop-regulated control system" (Gordon, 1993 ; Fig. 1 ) in which the POAH integrates information from peripheral and deep body thermal receptors (feedback), compares this information to a "temperature set point," and signals the appropriate thermoregulatory effectors (Gordon, 1993) . The set point is defined as "the value of a regulated variable which a healthy organism tends to stabilize by the processes of regulation" (IUPS, 1987) . This thermoregulatory system includes two primary feedback loops: one for the control of heat gain/conservation, and another for heat dissipation.
In birds and mammals, acute "sublethal" exposure to OPs and CBs commonly results in pronounced, but short-lived, hypothermia (Grue et al, 1991; Gordon, 1994a) . These effects appear to be mediated primarily through thermoregulatory processes within the central nervous system (CNS) because peripherally acting cholinergic antagonists do not block OP-and CB-induced hypothermia (Gordon, 1994&) . Hypothermia caused by these compounds is believed to result from excitation of cholinergic synapses in the anterior hypothalamus (that lowers the set point for heat release) and decreases in metabolism in the liver (Meeter et al, 1971) . A recent study by Clement (1993) indicates that OP (sarin)-and CB (physostigmine)-induced hypothermia in mice is due to muscarinic receptor stimu-lation within the hypothalamus; this also appears to be true for diisopropyl flurophosphate (DFP)-induced hypothermia in the rat (Gordon, 1994fc) . The importance of AChE in the recovery of OP-induced hypothermia is indicated by the strong correlation between recovery from sarin-induced hypothermia and the reactivation of hypothalamic AChE by various oximes (Clement, 1992) .
OP-and CB-induced reductions in body temperatures in birds and mammals are frequently associated with decreases in brain AChE activity of more than 50 percent and the return of body temperatures to normal is rapid (usually occuring within 24 hr); although, in the case of OPs, AChE activity remains depressed (Clement, 1991 (Clement, , 1993 Gordon 1994a ). Hypothermia was associated with a threshold of 53 percent of normal brain AChE activity in adult ( s 8 mo old) American Kestrels (Falco sparverius) given a single oral dose of the OP methyl parathion and subjected to cold for 10 hr Body temperatures approached normal 10 hr postdose. Toxicity was enhanced at -5°C with 60 percent mortality in kestrels given 2.25 mg per kg body weight, a sublethal dose at thermoneutral temperature (Rattner and Franson, 1983) . Maguire and Williams (1987) found that cold stress increased inhibition of brain AChE without an increase in mortality in 14-day-old Northern Bobwhite (Colinus virginianus) given a single oral dose of the OP chlorpyrifos and immediately subjected to cold. Enzyme activity was reduced an average of 76 percent in birds given 2 mg of the OP per kg of body weight at 27.5°C (minimum non-lethal temperature) with one fatality, whereas quail given higher dosages at higher temperatures (maximum = 35°C) suffered 50 percent mortality but only a reduction in brain AChE activity of <43 percent by the end of the 4-hr experiment. The authors suggested that the colder temperature may have reduced metabolism, thereby reducing detoxification and increasing the availability of the OP to bind with AChE. In contrast, the toxicity of the OP parathion increased (up to 2-two fold) in 8-10 week-old Japanese Quail (Coturnix japonica) when birds were exposed to acute or chronic heat (37°C for 10 days post dose or 10 days pre-and post dose) or chronic cold (4°C), but not acute cold, compared to a thermoneutral temperature of 26°C. Brain AChE activity was inhibited more in quail exposed to heat (54%) than cold (28%) 24 hr post dose; enzyme activity at thermoneutrality was reduced 42 percent. (Rattner et al., 1987) . The authors did not observe any changes in liver function that could account for the increased toxicity of the OP in chronic-heatexposed birds, whereas increased liver function was associated with the relatively lower toxicity observed in quail exposed to chronic cold, results more consistent with those from studies with laboratory rats (see below). exposed 2-day old mallard (Anas platyrhynchos) ducklings, birds with an underdeveloped thermoregulary system and a very narrow thermoneutral zone, to a single "sublethal" dose of the CB carbofuran and ambient temperatures of 10, 20, and 36°C for 4 hr. Ducklings at 10 and 20°C suffered hypothermia, whereas those at 36°C maintained their body temperature; mortality at 10°C was greater than that at 36°C. Brain AChE in ducklings that died was inhibited more than 80 percent, whereas enzyme activity was inhibited an average of 12-49 percent in survivors and did not vary significantly with temperature.
Many more studies have been conducted on OP-and CB-induced hypothermia in laboratory rats than in birds. Of particular interest are the recent studies by Gordon and his coworkers that have documented concurrent changes in autonomic and behavioral thermoregulation in rats exposed to DFP. Rats given single subcutaneous injections of 1.0 to 2.0 mg per kg body weight of the OP suffered significant decreases in body temperature (ca. 3°C) and increases in tail temperature of about the same magnitude up to 5 hr post dose at an ambient temperature of 20-24 c C (Gordon et al., 1991) . In the second of part of the study, rats were given 0.5, 1.0, or 1.5 mg of the OP per kg body weight and placed in ambient temperatures of 10, 20, or 30°C. Responses were similar to those reported by for carbofuran dosed ducklings. At the highest tempera-ture, hypothermia was attenuated as were reductions in metabolic rate. Metabolic rate was significantly decreased at 20°C in rats given 1.5 mg/kg and stimulated at 10°C in the lowest dose group. In a subsequent study, Gordon (1994c) injected rats with one of three dosages of the OP (0.25, 1.0, or 1.5 mg/kg body weight) while they were housed within a temperature gradient. Reductions in body core temperatures of 3 and 5°C were associated with the two highest dosages and brain AChE inhibition was estimated to be greater than 70 percent in the hypothalamus 60 min after subcutaneous injection. Affected rats selected cooler temperatures during the first day and selected warmer temperatures during the following night as body temperatures returned to preinjection levels. Body temperatures increased (hyperthermia) during the second 24-hr period similar to fever reported in humans recovering from acute exposure to AChE inhibitors (Gordon, 1994b) .
Underlying OP and CB-induced hypothermia is the natural response of mammals and other species to lower their body temperatures to minimize the effects of toxins (Gordon, 1993) . Although this also results in a reduction in an animal's ability to detoxify and excrete poisons, it appears to be beneficial (Gordon, 1993) . This may be particularly true for compounds such as latent AChE inhibitors that must be metabolized to their oxon forms before they are potent AChE inhibitors. This is supported by a review of the available avian data which suggests that the "interaction between low temperatures and pesticide toxicity is not the result of a temperature induced increase in activity of the toxicant, but rather, a pesticide-induced decrease in the ability to withstand the cold as a result of impairment of thermoregulation" (Martin and Solomon, 1991:125) .
FOOD CONSUMPTION
Physical symptoms indicative of gastrointestinal stress (e.g., diarrhea, convulsions, nausea, vomiting) are observed in birds and mammals following acute exposure to OPs and CBs (Grue et al., 1991) . It is therefore not surprising that reductions in food consumption are frequently associated with intoxication (for exception, see Forsyth and Martin, 1993) . Whether observed reductions in the consumption of clean feed by birds orally or dermally dosed with anticholinesterases and reductions in the consumption of contaminated diets are due only to "pesticide-induced anorexia" (Grue, 1982) or to a subsequent conditioned aversion is not clear (Grue et al., 1991) . For example, consumption of clean feed by Common Grackles (Quiscalus quiscula) given an oral dose of the OP dicrotophos was reduced 76 percent compared to controls after 24 hr. Birds given a 24-hr dietary exposure that caused a similar reduction in brain AChE activity (60%) 24 hr post dose reduced their consumption of the treated diet a similar amount (59-62%) (Grue, 1982) . Similarly, mortality in Weaver Birds (Quelea queled) given small epidermal applications of the OP fenthion was attributed to anorexia and subsequent starvation (Pope and Ward, 1972) .
Reductions in the consumption of treated diets appear to correspond to thresholds in the amount of chemical consumed per unit body weight per day. Common Grackles fed diets containing 25, 63, 159, or 400 ppm of methyl parathion for 5 days consumed 4-5 mg of the OP per kg body weight per day, irrespective of dietary concentration (Grue, 1982) . Thresholds were also observed for Common Grackles exposed to other OPs, although the dosage (mg/kg/day) varied among chemicals. Brain AChE in birds that survived was inhibited 59-67 percent after 3 days on clean feed (Grue, 1982) . Similar thresholds have been reported by Bennett (1989a, b) for Northern Bobwhite. In those studies in which it was monitored (e.g., Grue, 1982) , consumption of clean feed was equal to or exceeded controls within 12 hr after exposure to the chemical ceased.
Studies in which birds or mammals have been given a choice between OP or CB contaminated diets and uncontaminated food suggest that they can maintain normal levels of food consumption if they can discriminate among the diets (for review, see Bennett, 1994) . Birds can detect the presence of OPs and CBs in their diets at levels below those that produce signs of toxicity.
Above a "discrimination threshold" (Bennett and Schafer, 1988) , birds consume proportionally less contaminated diet and more clean feed such that the actual amount of chemical ingested reaches a "plateau" (Bennett, I989a, b) that is similar to the thresholds described by Grue (1982) . Following ingestion of the compounds and sublethal toxicosis, an association is made between the contaminated diet(s) and the illness resulting in a conditioned aversion (Bennett, 1994) . The ability of animals to effectively discriminate among contaminated and uncontaminated diets appears to be a function of the number of choices, the proportion of contaminated and uncontaminated diets, and differences in sensory cues (Bennett, 1989a) . In addition, exposure to ChE-inhibitors may interfere with an animal's ability to discriminate among diets. Bussiere et al. (1989) reported that Northern Bobwhite chicks given an oral dose of methyl parathion and then given a choice of diet treated with the OP or clean feed actually preferred the contaminated diet. Unfortunately, study designs have frequently precluded measurements of brain AChE activity and therefore, determination of critical levels in enzyme inhibition associated with thresholds in chemical ingestion.
It has been suggested by Hart (1993) that conditioned aversion may also explain the reductions in consumption of clean feed by birds given sublethal oral or dermal exposures to OPs. For example, consumption of meal worms (Tenebrio molitor) by European Starlings (Sturnus vulgaris) was not affected in birds given an oral dose of the OP chlorfenvinphos (maximum depression of brain AChE reported = 43%) and deprived of their normal diet (which did not contain meal worms) for 3.5 hr, suggesting the birds associated the subsequent effects of the dose with their normal diet (Hart, 1993) . Alternatively, the chemical exposure may have been insufficient to elicit pronounced anorexia.
Reductions in body weights of adult and young following "sublethal" exposure to ChE-inhibitors can be severe. Losses of up to 40% have been reported in adult birds during "subacute" (e.g., 5-day) dietary exposures to some OPs (Grue, 1982) . Weight losses are considerably lower in adult birds following a single dose. For example, adult male and female European Starlings that survived a single dose of the OP dicrotophos lost up to an average of 14 percent of their initial body weights 24 hr post dose. Brain AChE activity was inhibited 55-77 percent (Grue and Shipley, 1984) . In contrast, weight losses of up to 31 percent were reported in 5-day-old European Starlings alive after a single oral dose of the same OP; brain AChE was inhibited 28-43 percent (Grue and Shipley, 1984) . Losses in 15-day-old starlings were intermediate (average weight loss up to 26%), but brain AChE inhibition (55-68%) was similar to that in adults (Grue and Shipley, 1984) . Intoxication in the nestlings was characterized by a sharp reduction in begging for food.
Subsequent studies have examined the effects of OP-induced weight losses on fledging weight, time to fledging, and postfledging survival. Grue and his coworkers (unpublished data) found body weights in 5-day-old starlings given the same oral dose as that given by Grue and Shipley (1984) recovered quickly and nestlings fledged at weights equal to controls. Inhibition of brain AChE activity was estimated to be 36 percent. Four-day-old White-throated Sparrows (Zonotrichia albicollis) given an oral dose of the OP fenitrothion suffered reductions in body weight and fledged at lower weights than controls (Pearce and Busby, 1980) . Sparrows given a single dose of the OP at 3 and 5 days of age suffered two reductions in weight and also fledged at lower weights than controls. Brain AChE was not measured (Pearce and Busby, 1980) . Similarly, nestling European Starlings given daily sublethal doses of the OP famphur fledged at lower weights than controls, average brain AChE was inhibited 56-72 percent (Powell and Gray, 1980) . Conversely, mallard ducklings that survived oral doses of carbofuran (0.85 mg/kg body weight) twice daily for 10 days fledged at weights similar to controls, but 6-18 days later . To assess the significance of OP-reduced fledging weights, Stromborg et al. (1988) Luiten et al., 1987:24; Bray, 1991; and Kuenzel, 1994:1157S) . The thickness of the arrows is indicative of the relative intensity of the projections. Abbreviations: DMH = dorsomedial hypothalamus, E = epinephrine, LHy = lateral hypothalamus, NE = norepinephrine, PV = paraventricular nucleus, and VMH = ventromedial hypothalamus. 27 percent of the birds. Body weights of survivors on day 18 were 5% less than those at dosing and about 4% less than controls. Brain AChE was inhibited 46% in OP-dosed nestlings at this time. However, age at fledging, postfledging survival, flocking behavior, and habitat use were not different from that of controls.
In both birds and mammals, food intake has been shown to be controlled by the central nervous system, and neural regulation appears to be similar within the two taxa (Kuenzel, 1994) . In his review, Kuenzel (1994) suggests that the "Autonomic and Endocrine Hypothesis" (Bray and York, 1979 ; "Mona Lisa Hypothesis", Bray, 1991) for the regulation of feeding in mammals also appears to be relevant for birds.
The ventromedial hypothalamus (VMH: "satiety center") and the lateral hypothalamus (LHy: "feeding center") appear to be critical components of the system ( Fig. 2; see Kuenzel, 1994 for discussion of other relevant neuroanatomical sites in birds and mammals). Lesions in the VMH result in obesity, whereas lesions in the LHy result in rapid reductions in body weight and ulimately starvation (Kuenzel, 1972 (Kuenzel, , 1994 . Resultant imbalances between the sympathetic (VMH) and parasympathetic (LHy) nervous systems cause predictable changes in endocrine activity which are associated with an increase or decrease in food intake (Kuenzel, 1994) .
Unfortunately, the effects of OPs and CBs on the components of this model have not been determined, although early studies by Grossman (1962a, b) reported decreased food consumption in normally hungry rats following cholinergic stimulation of the hypothalamus. Impairment of the function of the LHy similar to that caused by bilateral anodal lesions in White-throated Sparrows (Kuenzel, 1972) would support the hypothesis that OP-and CB-induced reductions in food consumption are the result of pesticide-induced anorexia, and not conditioned aversion. This distinction is important because of its implications for assessing the risks of "sublethal" exposure to these pesticides in the field where wildlife may or may not have a choice among contaminated and uncontaminated foods. Conditioned aversions to contaminated foods may actually protect wildlife within treated habitats from more chronic poisoning (Bennett, 1994) .
Other direct toxic effects of ChE-inhibitors may also reduce or enhance the ability of exposed wildlife to forage effectively. In addition to lethargy and "gastrointestinal disturbances," sublethal exposure to ChE inhibitors has been shown to impair vision, learning and memory, and alter endogenous rythyms (for review, see Grue et al., 1991; Boyes et al., 1994) . Whereas we noted earlier that exposure to ChE-inhibitors may interfere with an animal's ability to discriminate between treated and clean diets (Bussiere et al., 1989) , Peterle and Bentley (1989) reported that the ability of Kangaroo Rats {Dipodomys merriami) to discriminate between hulled rye seeds and oat pearls was enhanced following a single oral dose of methyl parathion. Inhibition of brain AChE in the rats was estimated to be 18-19 percent (time post dose not reported). Fryday et al. (1994) gave adult female House Sparrows (Passer domesticus) a single oral dose of 2, 6, or 10 mg of chlorfenvinphos per kg of body weight and compared the number of hemp seeds remaining in their perches and the number of seeds that were dropped before and after treatment. Brain AChE inhibition ranged between 15 and 52 percent at the end of the experiment (6 hr post dose). Dosed sparrows dropped more seeds compared to pretreatment values during the first 1.5 hr after dosing, but during the last observation period (4.5-6 hr post dose), sparrows given the highest dose appeared to be more adept at handling seeds compared to the previous day. Similarly, Mineau and his coworkers reported that a single intramuscular injection of physostigmine (0.1 mg/kg body weight; estimated average brain AChE inhibition = 20-40% during the tests) or the anticholinergic scopolamine (1.0 mg/kg body weight) did not affect cache-recovery performance of Black-capped Chickadees (Parus atricapillus) when the drugs were given after caching, whereas performance in birds injected with the anticholinergic prior to caching was poorer than that of birds injected with the carbamate; results consistent with effects of cholinergic agents on working memory in mammals (Mineau et al., 1994a) . In a companion study (Mineau et al., 1994b) , a single oral dose of fenitrothion (25 mg/kg body weight) resulting in average brain ChE inhibition of 65% before caching also did not impair the chickadees' ability to retrieve existing food caches when the birds were dosed with the OP after the food had been cached, even in birds whose physical abilities were still visibly impaired. In contrast, cache recovery performance in birds given the same dose prior to caching was better than that of controls, a finding inconsistent with learning and memory impairment observed in mammals given high doses of ChE-inhibitors (for further discussion, see Mineau et al., 1994a, b) . And finally, daily activity patterns (perch hopping) of three captive passerine species (Savannah Sparrow, Passerculus sandwichensis; Song Sparrow, Melospiza melodia; American Goldfinch, Carduelis tristis) were altered for 9-12 days following exposure to seeds treated with the OP dimethoate for 24 hr (Brunet and Cyr, 1992) , although actual exposure to the pesticide was not determined.
REPRODUCTION
In addition to thermoregulation and food consumption, the hypothalamus serves as the control center for reproduction in birds and mammals (Fig. 3) . As Kuenzel (1974: 180) notes: "No other diminuitive neural region appears to be so intimately involved with so many diverse functions . . . every behavioral and physiological event observed and measured in the annual cycle of Zonotrichia albicollis was altered by ventromedial hypothalamic lesions." In this section, we review the effects of acute exposure to OPs and CBs on migration, sexual behavior, litter and clutch size, and development and care of young. As in the case of the last two sections, the majority of the studies conducted on the reproductive effects of these chemicals on wildlife have been conducted on birds. Embryotoxicity and teratogenicity associated with exposure to OPs and CBs are beyond the scope of this paper and we refer the reader to reviews by Hoffman (1990) and Tyl (1992) . Although these compounds can alter levels of reproductive hormones primarily through their effects on synapses within the central nervous system, they are not known to be estrogen mimics (Fry, 1995) . Many species of wildlife (particularly birds) begin and end the reproductive process with migration to and from their breeding grounds. Studies by Bingman and Sherry and their co-workers {e.g., Bingman et al, 1984; Sherry and Vaccarino, 1989) indicate that the hippocampal complex is critical to the acquisition of spatial reference memory {e.g., homing and retrieval of food caches). Besides the studies by Mineau and his coworkers on the effects of cholinergic agents on food caching in chickadees, we are aware of only one other study of the effects of these chemicals on spatial reference memory. Adult Whitethroated Sparrows given 256 ppm of the OP acephate in their diet for 14 days did not orient themselves properly for migration (orientation was random) during the 6 days post exposure, whereas migratory orientation in juveniles was unaffected (Vyas et al., 1995) . AChE activity was inhibited 51 percent in the hippocampus (Vyas et al., 1996) . The authors suggest that acephate altered memory of the migratory route and wintering ground in the adults, whereas juveniles lacked the same experience.
Sublethal exposure to ChE inhibitors has also been shown to alter sexual behavior. Song in birds is believed to be under cholinergic control (Ryan and Arnold, 1981) and decreases in song production by wild birds within treated habitats have been reported (reviewed in Grue and Shipley, 1981) . Grue and Shipley (1984) observed a 50 percent decrease in singing and displaying by captive male European Starlings within 4 hr after being given 2.5 mg dicrotophos per kg of body weight; behavior returned to normal by 26-28 hr post dose at which time brain AChE was inhibited 50 percent. Similarly, singing by male European Starlings in reponse to a taped recording within 6 h after being given a single subacute dose of chlorfenvinphos was strongly correlated with brain AChE inhibition with an effects threshold of 30 percent inhibition (Hart, 1993) . The starling with the greatest enzyme inhibition (53%) did not respond to the playback until nearly 28 hr post dose and then only at 75 percent of its pretreament activity. The elaboration of aggressive behavior also appears to be under cholinergic control (Reis, 1975) and increased aggression has been associated with sublethal exposure to ChE inhibitors (Grue et al., 1991) . For example, McEwen and Brown (1966) reported an "unusual amount of intensive challenging and fighting" among wild Sharp-tailed Grouse (Typanuchus phasianellus) on breeding grounds 24 hr after some of the birds were given a sublethal dose of the OP malathion; enzyme inhibition was not measured. In contrast, Pine Voles (Microtus pinetorum) fed azinphos-methyl, an OP, for 5 days were less aggressive than controls during the subsequent 10 days they were on clean feed (Durda et al., 1989) . Brain ChE inhibition was estimated to be 42 percent. Investigations with laboratory rodents have shown a clear link between cholinergic agents and the regulation of lordosis, the reflexive arching of the spine indicating sexual receptiveness in females . Intraventricular injections of physostigmine activated lordosis in both rats and hamsters before the natural onset of receptivity {e.g., see Menard and Dohanich, 1990; Dohanich et al., 1991) . Levels of brain AChE activity were not measured.
Reductions in egg laying associated with OP-and CB-induced decreases in food consumption and changes in levels of reproductive hormones are the most dramatic reproductive effects observed to date in birds following exposure to these compounds. Reductions in food consumption alone accounted for reductions in egg laying by Northern Bobwhite fed various concentrations of the OP methamidophos in their diet for 15 days (Stromborg, 1986) . The highest dietary concentrations were associated with a 68 percent decrease in food consumption and in some cases, total cessation of egg production and death. Egg laying resumed at normal levels after a dose-related recovery period (<21 days). Hatching success and chick survival to 2 weeks of age were not adversely affected. Brain AChE activity was not measured. Similarly, 400 ppm of methyl parathion in the diet of male and female mallards for 8 days resulted in a 50 percent reduction in the number of eggs laid with effects seen after 2 days on the diet. Consumption of the treated diet was only 16 percent of that of controls given clean feed (Bennett et al., 1991) . Brain AChE activity was also not measured in these studies. Other studies have indicated effects on egg laying greater than that attributed to pesticide-induced anorexia (Stromborg, 1981; Rattner et al., 1982) . For example, egg production was reduced 50 percent in Northern Bobwhite fed diets containing 100 ppm of parathion for 10 days; brain AChE was depressed 59%; and levels of leutinizing hormone (LH) were reduced 41 percent. However, egg production in pair-fed birds was not different from control levels (Rattner et al., 1982) . The authors concluded that altered gonadotropin secretion may account for the observed reductions in egg laying by the OP-dosed quail.
Short-term food deprivation such as that caused by OP-or CB-induced anorexia could significantly reduce reproductive success in small mammals. For example, ovulation was delayed in female mice deprived of food for 24 or 48 hr and many of those in which food was removed early in lactation ate their young (Bronson and Marsteller, 1985) . To our knowledge, similar effects have not been reported in small mam-mals exposed to ChE-inhibitors. Rattner and Michael (1985) reported brain AChE inhibition of 45 and 56 percent in Whitefooted Mice (Peromyscus leucopus) 4 hr after they were orally dosed with 50 or 100 mg of the OP acephate per kg of body weight, respectively; LH was reduced 29 and 25 percent. Pregnant mice given daily oral doses of the OP azinphos-methyl (5.0 mg per kg of body weight) for 10 days starting on day 6 of gestation did not suffer any ill effects, whereas food consumption (-24%) and body weights (-52%) were reduced in rats given the same dose (Short et al, 1980) . Litter size and fetal weights were not affected in either species. The same dose when given to rats from day 6 of gestation to postpartum day 21 resulted in decreased pup weight and survival (Short et al, 1980) .
In most cases, effects of acute "sublethal" exposure to OPs and CBs on incubation and parental care in birds are shortlived (<2 days). White and his coworkers (White et al., 1983) gave one member of pairs of incubating Laughing Gulls (Larus atricilla) a single oral dose of parathion that reduced brain AChE activity about 50 percent 20 hr after dosing. Reductions in the time OP-dosed gulls spent on the nest were observed on days 2 and 3 post dose, and behavior returned to normal on day 4. Inattentiveness of the OP-dosed member of the pair was compensated for by its mate. Nest defense behavior and hatching success were also not affected in gulls given a dose of parathion that inhibited brain AChE 46% 18 hr post dose (King et al., 1984) . In a similar study, female European Starlings were given a single oral dose of dicrotophos on day 6 of incubation that resulted in the same level of enzyme inhibition. OP-dosed females spent less time on their eggs than controls during the next 6 days, whereas males spent more time; hatching success was not affected (Grue, unpublished data) . Females (with young) given the same dosage made fewer sorties to the nest within 48 hr post dose and their nestlings lost weight relative to controls ; brain AChE activity was inhibited 51 percent. In each of these studies only one member of each pair was dosed. Meyers et al. (1990) gave incubating Redwinged Blackbirds (Agelaius phoeniceus), a species in which only females are involved in parental care, a single oral dose of methyl parathion; brain AChE was inhibited more than 35 percent. OP-dosed red-wings spent less time incubating their eggs during the first 2 hr after dosing, but hatching and fledging success and overwinter survival were not affected. Similarly, reproduction was not significantly affected in pairs of Zebra Finches (Poephila guttata) given a single oral dose of fenitrothion resulting in brain AChE inhibition of 50-70 percent prior to the initiation of reproduction, but activity (perch hopping) was reduced in OP-dosed birds for 1-2 days depending on dosage (Holmes and Boag, 1990) .
Effects of subacute dietary exposure to these chemicals during incubation appear to be more severe. Bennett et al. (1991) gave hen mallards 400 ppm of methyl parathion in their diets for 8 days during the early or late stages of incubation. Seventy-four percent of the hens either died or exhibited abnormal incubation behavior including nest abandonment and extended time off their nests. Hatching success was 43 percent of controls in birds given the treated diet early in incubation. Not surprisingly, consumption of treated diets was reduced 60 percent. Brain AChE activity was not measured in survivors.
BIOLOGICAL SIGNIFICANCE AND REGULATORY CONTEXT
Non-target wildlife are frequently exposed to OP and CB pesticides. However, recent published reports of OP and CB related mortality of non-target wildlife in North America are relatively few (White et al., 1989 Frank et al, 1991; Porter 1992; Gremillion-Smith and Woolf, 1993; Hunt etal, 1995; Smith et al, 1995; Elliott etal, 1996 Elliott etal, , 1997 Franson etal, 1996) and many involve intentional poisonings or misuse (White et al, 1989; Hunt et al, 1995) . (We note that mortality of wildlife and humans following the use of OPs and CBs also continues to be reported in other parts of the world; e.g., Mullie and Keith, 1993; Wesseling et al, 1993; Keith et al, 1994) . Concern over the "sublethal" effects of these pesticides continues because of the potential biases in determining exposure and detecting and reporting mortality, the reliance on laboratory toxicity data in assessing risks to free-living birds and mammals, and the potential for "sublethal" exposure to OPs and to a lesser extent CBs (reversible inhibitors) to reduce reproduction and survival (Grue et al, 1991; and this paper) . With respect to the latter, however, few studies have detected reductions in the reproduction or survival of free-living wildlife following "sublethal" exposure to OPs or CBs (Busby et al., 1990; Patnode and White, 1991; Fluetsch and Sparling, 1994) . In comparison, a greater number of recent studies of field applications of these pesticides have found few if any effects (Millikin and Smith, 1990; George et al, 1992; Kilbride et al., 1992; Decarie et al., 1993; Graham and DesGranges, 1993; Johnson et al., 1993; Tank et al., 1993; Pascual, 1994; Knapton and Mineau, 1995; Rainwater et al., 1995) .
To our knowledge, the report by Busby et al. (1990) is the only study to associate reproductive impairment in free-living birds with reductions in brain AChE inhibition following an operational application of an OP or CB. In their study, an adult population of White-throated Sparrows was reduced by one-third as a result of mortality and territory abandonment after a single application of fenitrothion, but clutch size and hatching success in nests of remaining adults were not affected. The authors concluded that reproductive success was reduced when brain AChE activity was inhibited 42 percent following a single application of the OP, and 30 percent after a second application. The more recent reports of reproductive effects (Patnode and White, 1991; Fluetsch and Sparling, 1994) occurred within orchards where breeding birds were exposed to as many as 19 applications of several compounds, not all ChE-inhibitors. For example, Patnode and White (1991) reported maximum reductions in daily survival rates of eggs and nestlings of three passerines (Northern Mockingbird, Mimus polyglottos; Brown Thrasher, Toxostonta rufum; and Northern Cardinal, Cardinalis cardinalis) of 7 and 13 percent, respectively, within pecan orchards and adjacent habitats relative to those nests exposed to the least toxic compounds. Weight gains in young in all exposure categories were lower than those reported in nests not exposed to pesticides; nestlings of Brown Thrashers fledged 1 day late. However, with one exception, brain AChE in dead adults and nestlings was not inhibited. Similarly, nest success of Mourning Doves (Zenaida macrourd) and American Robins (Turdus migratorius) was reduced an average of about 15 percent in conventionally treated apple orchards compared to organic orchards (Fluetsch and Sparling, 1994) . Brain AChE activity was not monitored.
Most of the recent reports of avian mortality due to exposure to OPs and CBs noted above involved avian predators. Although some of these reports were the result of intentional poisoning, they too indicate the potential for secondary poisoning (for recent assessment, see Hunt et al., 1991) . Avian predators appear to be attracted to areas treated with ChE inhibitors (Grue et al, 1983) and an increasing number of studies have documented increased susceptibility to predation in wildlife exposed to sublethal levels of these compounds. Brain AChE activity in Northern Bobwhite given a sublethal dose of methyl parathion and subsequently captured by a domestic cat was inhibited an average of 33 percent, whereas enzyme activity in quail that avoided capture was inhibited an average of 17 percent (Galindo et al, 1985) . Similarly, predation of free-living Northern Bobwhite following a single oral dose of 6.0 mg methyl parathion per kg body weight (estimated brain AChE inhibition 4 hr post dose = 40%) was greater than controls (Buerger et al., 1991) . House Sparrows {Passer domesticus) exposed dermally to the OP fenthion were captured by American Kestrels 16 times more frequently than controls within the same flock; AChE inhibition was not determined (Hunt et al, 1992) . In contrast to the studies described above, Brewer et al. (1996) did not observe a significant increase in mortality of free-living Northern Bobwhite given one of several oral doses of the OP terbufos. Terbufos ap-pears to be unique in that it has a stronger effect on AChE activity within the peripheral nervous system than AChE activity in the brain (Block et al, 1993; Brewer et al, 1996) , which may explain the lesser effect compared to studies with other OPs.
Unfortunately, the number of new field studies on the effects of ChE inhibitors on non-target wildlife may be severely reduced in the United States as a result of recent changes in the paradigm the US EPA uses to assess the risks pesticides pose to wildlife. Under the "New Paradigm," the requirement for pre-registration field studies if risk criteria (levels of concern: LOCs) are exceeded in laboratory tests has been eliminated. Instead, mitigation to reduce exposure to non-target wildlife is implemented followed by post-registration monitoring to assess the efficacy of mitigation (AEDG, 1994) . In addition to sharp reductions in funding from industry for pre-registration field studies, federal research on the effects of these chemicals on free-living wildlife and the extrapolation of laboratory toxicity data to the field has also been reduced. This is surprising at a time when our reliance on the latter has increased. In most cases, data on sublethal effects (including AChE inhibition) and indirect effects have not and are not currently required for assessments of the risks these chemicals pose to wildlife (AEDG, 1994) . Do we really need to know how lethal "sublethal" effects are (for discussion, see Heinz, 1989; Grue, 1994; Peakall, 1996)? In the case of OPs and CBs, we believe greater emphasis should be placed on determining the magnitude and duration of exposure of non-target wildlife (AChE inhibition and residues on/in food) and associated indirect effects {i.e., reductions in food resources). Not only would this complement the EPA's New Paradigm, but it would improve risk assessments through development of more realistic risk quotients (residues on or in foods divided by median lethal dose or dietary concentration, whichever is more appropriate, Mineau, 1991i») , through application of existing data on "critical levels" of AChE inhibition, and through consideration of the quantity and quality of available food resources. Recent reviews of AChE inhibition relative to the onset and severity of physiological and behavioral effects following acute exposure (Grue et al., 1991; Hart, 1993 , and the present paper) generally support the existence of a critical level of 40-60 percent enzyme inhibition first proposed by Banks and Russell (1967) with rapid onset of effects which usually persist for hours rather than days. As Hart (1993) notes, subtle effects {e.g., altered posture) may occur at lower levels of inhibition, and above this threshold the severity of effects increases with dose. Mortality is usually associated with brain AChE inhibition greater than 50 percent (for exception, see Block et al., 1993; Brewer et al, 1996) , although birds and mammals frequently survive lower levels of enzyme activity (Grue et al, 1991) . We believe a regulatory threshold of 40 percent may be appropriate when applied to levels of inhibition in those species believed to be at greatest risk (based on sensitivity, potential exposure, and population status). Criteria for the proportion of exposed populations that would need to be exceeded would have to be developed. For example, in EPA's old paradigm, mortality >20 percent of potentially exposed populations (excluding listed species) was considered unacceptable (AEDG, 1994) . Busby and his co-workers have consistently used categories of brain AChE inhibition in assessing the non-target effects of fenitrothion used to control spruce budworm {Choris-toneura fumiferana) in New Brunswick. In a recent evaluation of ultra ultra low volume aerial applications, Busby et al. (1991) found that more than half of the birds collected from treated areas had brain AChE inhibition between 20 and 40 percent relative to controls. The proportion of birds with "life threatening" levels of enzyme inhibition (above 50%) was less than 20 percent after the first spray; however, 25-55 percent of the White-throated Sparrows sampled had brain AChE inhibition the authors considered life threatening after a second spray. We believe the potential biases associated with the collection of "affected" individuals, and not a lack of data supporting the existence of critical levels of brain AChE inhibition, are currently limiting the application of brain AChE data in the regulatory process.
In addition to a better understanding of the exposure of free-living wildlife to these chemicals and the significance of indirect effects, determination of the factors governing the inherent sensitivity of species is critical to minimizing the risks these pesticides pose to wildlife. Recent studies (e.g., Thompson et al., 1995) suggest that a better understanding of the biochemical basis for inter-species sensitivity to ChE inhibitors and variation within taxa among chemicals coupled with knowledge of the factors governing the magnitude and duration of exposure may allow regulators and registrants to predict those species at greatest risk, thereby facilitating decisions on exposure risk mitigation and targeted post-registration monitoring. And finally, an increase in the interaction between wildlife toxicologists, wildlife biologists, and human health researchers may improve our understanding of the effects of ChE inhibitors on non-target wildlife and future risk assessments.
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